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 Climate simulations have projected an increase in extreme precipitation during the winter 
months in much of the United States, so it is important to focus on how to simulate better these 
events. For instance, crop fields may be washed away due to flooding and extreme snowfall 
events, causing revenue loss by stakeholders. One way to understand better the simulation of 
these extreme precipitation events in climate models is to assess the sensitivity to model 
resolution. Winter months are ideal for analysis as the dynamics of weather systems producing 
extreme precipitation have scales that regional climate models, in particular, can resolve the 
synoptic scales. 
 This study focuses on the Upper Mississippi River Valley during the months of 
December, January, and February (DJF). We analyze six-hourly precipitation covering 2002-
2012 to evaluate the effectiveness of the RegCM4 and WRF regional climate models in 
replicating Stage IV observational extreme precipitation at various resolutions. We also evaluate 
2-m temperature, 2-m specific humidity, 500 hPa geopotential heights, and 10-m winds to assess 
the physical conditions leading to extreme precipitation events. The 700 hPa vertical motion, 2-
m temperature gradients, 2-m moisture gradients, and 10-m wind convergence are also analyzed 
to examine various aspects of frontal strength and rising motion.  
As resolution increases the WRF model tends to replicate better the observational 
behavior compared to RegCM4, especially for extreme precipitation. WRF produces stronger 
temperature gradients, horizontal convergence, and vertical motions during extreme events. 
WRF also produces substantially more convective precipitation during the extreme events, which 
may be linked to the strong vertical motions. The outcome is strong extreme precipitation that 
agrees better with observations. 
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CHAPTER 1.    INTRODUCTION 
Extreme precipitation continues to be one of the costliest weather events throughout the 
Midwest. For example, during the 1990s insured catastrophes doubled for the United States, 
causing more than five million dollars of damage (Meehl et al. 2000). Throughout winter, 
fluctuations between snow and rain influence snowmelt and ice blockages, affecting rivers in the 
Upper Mississippi Valley. Ice jams can lead to increased flooding events along rivers across the 
United States (Beltaos 1995). Accumulation of snow through the winter, with sudden warm 
trends and rain events at the end of winter or early spring, increases the risk for flooding across 
the region. Issues of crops, infrastructure, and human life lost are answered by the question, 
"What can we do to better understand and simulate the climatology of these extreme events?" 
We answer this question by examining extreme winter precipitation as simulated by two regional 
climate models, RegCM4 Skamarock et al. 2008) and Weather Research and Forecast Model 
(WRF) (Giorgi et al. 2012). In particular we examine the sensitivity of these simulations to 
model resolution.  
Model resolution versus extreme precipitation is manifested differently throughout the 
year. Summer and spring tend to have substantial convective rainfall which might require fine 
resolution to simulate well, whereas winter precipitation tends to result from synoptic weather 
which can be simulated with coarser resolution. In the sections to follow, we discuss 
characteristics of extreme precipitation as influenced by model resolution, models used, and 
environmental conditions. These are critical areas to examine when trying to determine what 
kind of sensitivity model resolution has on extreme precipitation. 
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1.1 Classifying Extreme Precipitation 
This section overviews the statistical properties used to determine extreme precipitation 
across a region of interest. First, it should be noted that extreme precipitation is classified 
differently from scientist to scientist. One basis for determining extreme precipitation is the 
probability distribution of precipitation. Kawazoe and Gutowski (2013a, b) classified extreme 
precipitation by examining the precipitation frequency versus intensity distribution to investigate 
differences between models and observations. In their work, they removed very light amounts 
(2.5 mm/day or less) of precipitation from the distribution, recognizing that trace amounts are not 
well-quantified. 
Kawazoe and Gutowski (2013a) and Beckage et al. (2017) classify extreme precipitation 
as the top 1% of the precipitation distribution. Both Kawazoe and Gutowski (2013a, b) and 
Beckage et al. (2017) analyzed daily precipitation, while here, we look at sub-daily (six-hourly) 
extreme precipitation. The difference between daily and sub-daily is that sub-daily simulates 
multiple extreme events within daily data. Gutowski et al. (2003) indicated that models with 50-
km grid spacing may face challenges with simulating six-hourly extreme precipitation. In 
addition, Higgins et al. (2008) claim that extreme precipitation events are better analyzed when 
focused on sub-daily precipitation. We follow Gutowski et al. (2010) and Kawazoe and 
Gutowski (2013a, b) when examining extreme precipitation. Any six-hourly precipitation at a 
model or observation grid point exceeding the 99th percentile in the precipitation probability 
distribution is an extreme event. In this study, we use the statistical software JMP (JMP 2019) to 
calculate the precipitation probability distribution in our region of analysis for each data source. 
Synoptic scale systems are the primary source winter precipitation. Although convection is still 
possible, analysis of thundersnow by and Hunter et al. (2001) and Market et al. (2002) would be 
an indication of cold weather convection; their work suggests that convection plays a minor role 
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in strong winter precipitation because it is infrequent. Thus, we examine the synoptic behavior in 
which our widespread extreme precipitation occurs.  
The spatial distribution of extreme precipitation gives information on the scale of the 
precipitation event. Kawazoe and Gutowski (2013a, b) classify events as widespread if extreme 
precipitation occurs on 15 or more grid points simultaneously. Here we classify a widespread 
event as an event occurring simultaneously on 16 or more grid points. The number of grid points 
for a widespread event increases as resolution increases. Thus, for a 25km (12.5km) grid spacing 
a widespread event must cover 64 (256) or more grid points. 
 
1.2 Model Resolutions Role in Extremes 
The aim of this thesis is to analyze how model resolution affects the simulation of 
extreme precipitation. Research on resolution effects helps to determine whether or not finer 
resolution significantly improves the simulation of extremes in precipitation. In an aqua planet 
simulation, Li et al. (2011) found that finer horizontal resolution tended to yield larger extreme 
precipitation, accompanied by higher vertical velocity. Volosciuk and Maraun (2015) used an 
atmospheric global climate model (GCM) to examine the effect of changing horizontal resolution 
on extreme precipitation in the Intertropical Convergence Zone (ITCZ). They aggregated the 
precipitation of each simulation to a common, coarser grid. They noted that finer horizontal 
resolution did not improve the simulation of extreme precipitation as diagnosed on the common 
grid. However, the environment of the ITCZ is tropical and differs from the extratropical 
environment that we are examining here.  
Gallus (1999) focused on smaller scale features and mesoscale convective systems across 
the United States by examining three separate cases. Two of the cases were in the Upper 
Mississippi River Valley during summer, focused on convective systems. Using the National 
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Centers for Environmental Prediction (NCEP) ETA model, Gallus (1999) simulated extreme 
precipitation at 78-km, 39-km, 22-km, and 12-km horizontal grid spacings. Finer resolution gave 
no improvement on simulating extreme precipitation. 
Shields et al. (2016) looked at locations similar to those in Gallus (1999), focusing on 
both winter and summer to examine precipitation improvements as resolution became finer. 
Time averaged precipitation improved at higher resolutions in the southeastern United States for 
winter and in the central United States for summer and spring. They analyzed convection and 
large-scale precipitation separately. Finer resolution yielded increased large-scale precipitation, 
while convective precipitation decreased with finer resolution.  
Pier et al. (2014) examined moisture variability with changing resolution using the 
HadGEM1-A GCM with grid spacings ranging from 130-300km. Precipitable water increased 
with finer resolution and became closer to observed precipitable water. As a consequence they 
found that finer resolution gave more accurate simulation of precipitation and did coarser 
resolution. Thus, results are mixed as to whether or not finer resolution improves the simulation 
of extreme precipitation. This suggests the need for further study. Pier et al. (2014) found that 
fields like moisture content are simulated better at finer resolution, indicating that resolved scale 
extreme precipitation may well be sensitive to grid spacing.   
 
1.3 Domain of Study 
Certain types of topography, seasonal changes, and mesoscale dynamics play a vital role 
in the types of precipitation and errors for regions of the United States. In this section, we present 
how one analyzes a domain of study that takes into account seasonal changes and topographic 
errors in extreme precipitation. 
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Mountains, the Great Plains, the Northeast, the Southwest, the Mid-Atlantic, and various 
other parts of the country have vastly different landscapes that can affect the output of a model.  
In the Central Plains and the Upper Mississippi River Valley topography has slight elevation 
increases from the Great Lakes to the front range of the Rocky Mountains. The Upper 
Mississippi (Figure 1) is a conducive environment for large scale systems in the winter. Large-
scale systems help initiate snowstorms with extreme precipitation events (Kawazoe and 
Gutowski 2013a, b). Part of the Upper Mississippi River Valley may see rain in winter towards 
southern Missouri where temperatures remain above freezing for a majority of the year. The 
terrain across the region is mostly flat, with higher elevation towards western Wisconsin, eastern 
Minnesota and Iowa, and areas points south. The Upper Mississippi River Valley is a prime area 
for evaluating climate simulations, where convection is limited and resolved large-scale synoptic 
features play a dominant role. 
Kunkel et al. (2002), Gutowski et al. (2008), and Kawazoe and Gutowski (2013a, b) 
studied the Upper Mississippi River focusing on large-scale systems moving through the area. In 
their work, these systems produced extreme precipitation by tapping into moisture from the Gulf 
of Mexico, which enhances rain, snow, ice, or a mixture during the winter months. 
 
Figure 1: Domain of analysis for December, January, and February from 2002-20012. Indicated as the Upper 
Mississippi River Valley (37°N-47°N, 89°W- 99°W). 
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1.4 Observational-Based Data 
The National Centers for Environmental Prediction (NCEP) combines radar data with 
rain-gauge observations to produce a gridded hourly precipitation data set for CONUS (Lin et al. 
1998; Nelson et al. 2016). The latest version of this data is Stage IV, which minimize errors due 
to topographic effects on rain gauges and provides manual (subjective) quality control. Stage IV 
data are available on a 4-km grid. The Stage IV dataset became operation in 2001, we use data 
from 2002 onwards. A 4-km grid will show more spatial detail of areas of heavier precipitation, 
but we re-grid the data to 12.5-km, 25-km, and 50-km grid spacings for better comparison with 
the models. Stage IV provides only precipitation, meaning another source is needed for other 
environmental fields. Following Kawazoe and Gutowski (2013a) we use The North American 
Regional Reanalysis (NARR) (Mesinger et al. 2006) for the other fields. The NARR is available 
on a 32-km grid. 
 
1.5 Climate Models 
Climate models can help project future climate or simulate past events. When focusing on 
a specific domain like the Upper Mississippi River Valley, one is considering a regional aspect 
of climate and can use a Regional Climate Model (RCM) for analysis. Global models can 
provide boundary conditions to run a regional model or global reanalysis. In addition, although 
our area of interest is the Upper Mississippi River Valley, the RCMs used here have domains 
that cover most of North America in order to allow regional features of climate to develop as 
weather systems and move across the domain. Here we use a reanalysis, ERA-Interim, to avoid 
errors in Global Climate Model (GCM) simulations that could affect our simulations. ERA-
Interim provides output on an 80-km gird, with 60 vertical levels and covers 1979 to the present 
(Berrisford et al. 2011). 
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The Framework for Assessing Climate’s Energy-Water-Land Nexus using Targeted 
Simulations (FACETS) is a project led by Dr. William J. Gutowski that includes several 
institutions in the United States. FACETS provides regional climate simulations at multiple 
resolutions driven by GCM’s or ERA-Interim. The Regional Climate Model Version 4 
(RegCM4; Giorgi et al. 2012) and Weather Research and Forecasting Model (WRF; Skamarock 
et al. 2008) are two regional models used in the project, with grid spacings at 50-km, 25-km, and 
12.5-km. The multiple resolutions allow us to analyze how finer resolutions affect extreme 
precipitation simulated by models. A key distinction between WRF and RegCM4 is that WRF is 
a non-hydrostatic model while RegCM4 is hydrostatic. In a non-hydrostatic model there is an 
explicit vertical momentum equation that computes the acceleration of the vertical wind. In a 
hydrostatic model vertical motion is diagnosed from other fields.  Other differences between the 
models are listed in Table 1. These include differences between cumulus parameterization, 
boundary layer parameterization, and spin up period.  
Table 1: Table 1: Illustrates the different parametrizations, schemes, and resolutions used for the WRF and RegCM4 
runs of the FACETS project. 
 
 
1.6 Analysis Period 
The analysis period covers winter months of December, January, and February (DJF). 
Although the simulations started in the mid-1980s, our analysis begins in 2002 with the 
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availability of the Stage IV data. Simulation output from RegCM4 and WRF 12.5-km and 25-km 
extends through 2012, so out analysis period is 2002-2012, for a total of 33 DJF months. The 
WRF 50-km simulation extends through December 2010, so does not cover the full analysis 
period. However, the five months missing compared to the 33 months used from the other 
simulations amount to a loss of 15% of potential data. Analysis presented later will show 
extreme events occurred more frequently between 2005-2008, further minimizing the impact of 
the missing WRF 50-km months.  
 
1.7 Environmental Circulation Fields 
We analyze atmospheric circulations at the beginning of events to understand the 
formation of widespread extreme precipitation. This allows us to see frontal structure, moisture 
transport, horizontal winds, troughs and ridges, and vertical motion. FACETS archived various 
fields. The fields we use are 2-m temperature, 2-m specific humidity, 10-m winds, 500 hPa 
geopotential heights, and vertical motion at 700 hPa. Similar fields were analyzed by Kawazoe 
and Gutowski (2013a, b) to analyze model behavior and extreme precipitation. Each of these 
fields aids in the understanding of how the widespread extreme precipitation originated and if 
refining the resolution to finer grid spacing yields a more accurate simulation. 
 Both RegCM4 and WRF at each resolution supply the needed output. However, some of 
the fields from WRF are available once per day at 00UTC, these include 500 hPa geopotential 
height and 10-m winds. We use the output to diagnose the state of the atmosphere at the onset of 
an extreme precipitation event. If output is only available once per day, then the state of the 
atmosphere is only known hours before the six-hourly extreme event started. In addition, a given 
day could have multiple six-hourly extreme events for which the same fields at the same time 
would be available to diagnose the state of the atmosphere. 
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1.8 Cumulus Parameterizations  
Characteristics of convective schemes could influence the production of extreme 
precipitation. The Kain-Fritsch (Skamarock et al. 2008) and Grell (Giorgi et al. 2012) 
parameterizations are used as convective schemes in WRF and RegCM4, respectively. Huang 
and Gao (2017) studied the impact of different convective parametrizations on the simulation of 
precipitation across China using WRF. They compared WRF simulations that used either Kain-
Fritsch or Grell convection to the NCEP-DOE Reanalysis II data (Kanamitsu et al. 2002). They 
found that using the Kain-Fritsch scheme gave a better simulation of winter precipitation for 
most of China than using Grell scheme. Extreme precipitation was captured well in both 
simulations during winter, though the Kain-Fritsch scheme overproduced extremes in several 
areas.  
The trigger function in convective schemes could be what causes the Kain-Fritsch 
simulations to overproduce compared to the Grell simulations. Suhas and Zhang (2014) 
examined the trigger functions within convective parameterizations and found that vertical 
velocity plays a dominant role in the start of convection in a variety of different models and 
parameterizations. When coupling schemes of convection within the WRF model (Suhas and 
Zhang 2014), found that downscaling to 10-km outperformed simulations at coarser resolution 
and in other models, especially when using a Kain-Fritsch convection scheme.  
Boundary-layer parameterization may also be important. Dudhia et al. (2018) found the 
Mellor-Yamada-Janjic (MYJ) scheme combined with a Kain-Fritsch scheme produced higher 
precipitation in the WRF simulations. The WRF simulations from the NA-CORDEX project 
usee the Kain-Fritsch scheme with an MYJ PBL that could yield higher precipitation amounts in 
extremes across our domain.  
10 
 
1.9 Why do we study this phenomenon? 
The main questions we want to answer is, why do we study this? Why is this important? 
Or why is studying resolution to widespread extreme precipitation necessary? Weather matters, 
and so does climate. Each has different concepts when studying the atmosphere focusing on the 
day to day atmospheric conditions, while climate focuses on the larger scale of time and regions 
of the planet. Studying extreme precipitation allows us to understand how to simulate future 
extreme event scenarios. Extreme precipitation causes damage to agriculture, infrastructure, and 
general way of life for millions across the world.  
Agriculture could be impacted substantially, with fields becoming flooded and unusable 
during the growing and harvesting seasons. At the end of winter, snowmelt and large scale rain 
events destroy fields, flood roads and surrounding farms, impacting millions across the country. 
Roads, bridges, and money are affected by flooding, snowstorms, and large scale rain events that 
shut down cities, destroy infrastructure, and cause communities to be at a standstill. One flooding 
event can cause millions of damages to one city and create a rippling effect across any country 
with a low number of fields to grow crops (Meehl et al. 2000). It is important that we focus on 
how to simulate these occurrences across the world so we can alert the public to the dangers long 
ahead of the event of occurring. When we focus on the impacts of model resolution on extreme 
precipitation it is important to understand when, where, and how finer resolution yields better 
results, if it does. 
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CHAPTER 2.    METHODOLOGY AND PROCEDURES 
Methods used here are based on Kawazoe and Gutowski (2013a, b). We define a 
precipitation event as exceeding 0.25 mm for six-hours at a grid point. We use these events to 
find frequency verses intensity distributions and percentiles of six-hourly precipitation in the 
observations and the simulations. We examine the simultaneous nature of extreme events and the 
atmospheric circulation temperature and moisture fields leading into extreme events. The model 
simulations time period and spatial domain that we study where discussed in chapter 1. 
 
2.1 Determination of Extremes 
We determine precipitation extremes by finding the frequency versus intensity 
distribution of six-hourly precipitation in each of the datasets. We regrid Stage IV precipitation 
to 12.5-km, 25-km, and 50-km grid spacing’s for comparison with model simulations.  Output 
from each model is summed into six hourly increments using a Climate Data Operator 
(CDO,2019): 
 
                   Outfile.nc = cdo timeselsum, 6 infile.nc   ,                  (1) 
 
where infile.nc is a netcdf file containing precipitation from one of the data sources. We extract 
precipitation data for December, January, and February from the observations and simulations 
for the period 2002 - 2012. We extract precipitation for the analysis domain for the observations 
and models using a CDO with the coordinates for our Upper Mississippi River Valley region 
(37°N-47°N, 89°W- 99°W) (CDO,2019): 
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                        Outfile.nc=cdo sellonlatbox,-99,-89,37,47 infile.nc          (2) 
 
We use JMP to define distributions and percentiles for the precipitation events from each 
data sources, focusing on the 95th, 99th, and 99.5th percentiles. Like Kawazoe and Gutowski 
(2013a, b) we use precipitation at the 99th percentile and above to define an extreme event.  
 
2.2 Frequency versus Intensity, Simultaneity, and Composites 
We isolate the 99th percentile and above to analyze our extreme events. We diagnose the 
occurrence of simultaneous events at multiple grid points. Based on previous work by Kawazoe 
and Gutowski (2013a, b) we define a widespread event as one where extreme events occur 
simultaneously at 16 or more grid points on a 50-km grid. For the 25(12.5)-km grid the threshold 
is 64(256) grid points. Thus, a widespread event has approximately the same minimal spatial 
extent for all the resolutions we examine. 
 We create composites of widespread extreme events for each of our diagnosed fields. We 
also calculate anomalies of 2-m temperature, 2-m specific humidity, and 500 hPa geopotential 
heights for widespread extreme events by subtracting from the composites the 2002-2012 
averages for these fields during DJF (for WRF 50-km simulation, the time average is from 2002-
2010). When forming composites, a question arises as to whether or not the averaged fields 
represent behavior of most if not all fields averaged or simply are an artifact of averaging fields 
that are different from each other. We evaluate the representativeness of large behavior in our 
composites by depicting how frequently 500 hPa geopotential height anomalies agree in sign at 
each of the grid points displayed.   
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2.3 Gradients of Temperature and Moisture, Convergence of Wind, and Vertical Motion 
To find the gradients of moisture and temperature, we do a centered finite difference over 
the grid points of the domain for the reanalysis (on its native grid) and for each simulation at 
each resolution. The diagnoses use an NCL command to find centered finite difference, 
(NCL,2019): 
 
gradient=center_finite_diff_n(q,r,False,a,b)  ,               (3) 
 
where q is the field diagnosed, r is twice the grid spacing, a is the starting coordinate index, and b 
indicates if the difference is either over latitude or longitude. False tells the function to perform 
computations over a limited area domain. Two further NCL commands provide input to equation 
(3) (NCL, 2019): 
resultn=(qn+1-qn)/(r(n+1)-r(n))                                    (4) 
and 
resultm=(qm-qm-1)/(rm-rm-1) ,                                   (5) 
 
 Where n and m are coordinate indices. We compute the magnitude of the gradient at each point 
by squaring the latitudinal and longitudinal differences, adding them, and taking the square root. 
For horizontal convergence, we use the u and v components of the 10-m wind at the start of 
widespread events. In the NCL scripts (NCL, 2019): 
 
                                        conv=uv2dvF(u,v)                               (6)    
and               
uvd=dv2ubF(conv)   ,                            (7) 
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To allow comparison across resolutions and comparison with Kawazoe and Gutowski (2013a), 
we rescale the gradients and convergence to differences per 100-km. For each of these fields we 
extract the 99th percentile for all widespread events combined. We obtain vertical motion at 700 
hPa by interpolating the vertical motion on the models’ sigma levels to the 700 hPa level. The 
NARR provides vertical motion on the 700 hPa level. As with the other fields we extract the 99th 
percentile for all widespread events combined.  
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CHAPTER 3.    RESULTS 
 
3.1 Extreme Six-Hourly Widespread Precipitation Events 
Figure 2 depicts a frequency versus intensity plot across the Upper Mississippi River 
Valley for DJF in 2002-2012. Models and observations have overlapping or nearly overlapping 
curves from very small intensities up to 11 mm/6 hours. The curves for Stage IV precipitation at 
each resolution are aligned, up to very high intensities (55 mm/6 hours). At higher intensities, the 
number of events for Stage IV decreases as the grid spacing becomes coarser. The figure also 
shows the location of the 99th percentile for Stage IV data on its original 4-km gird. The intensity 
for the 99th percentile on the other grids used here is nearly indistinguishable from the 99th 
percentile on the 4-km gird. The regridding has minimal influence on the intensity on extreme 
precipitation of the Stage IV data.  
Stage IV has precipitation intensities as high as 100 mm/6hr. However, WRF 12.5-km is 
the only simulation with precipitation events exceeding 55 mm/6hr. The WRF 12.5-km curve is 
similar to the Stage IV 12.5-km curve up to about 60 mm/6hr. WRF curves become closer to the 
Stage IV curves as resolution becomes finer. In contrast all three RegCM4 curves overlap each 
other up to 60 mm/6hrs, with the finer resolutions producing some higher intensity events with 




Figure 2: Frequency versus intensity of events for all simulations and observational data. Black arrows indicate the 
99th percentile for Stage IV at 4-km. Colored arrows indicate the 99th percentile for each simulation according to 
colors in the figure key. 
 
Table 2 shows the 95th, 99th, and 99.5th percentiles for Stage IV (on its native grid) and 
simulations at all resolutions. The 95th percentile in each simulation is lower than the Stage IV 
95th percentile, with WRF 12.5-km having the highest intensity and RegCM4 25-km having the 
lowest. The same behavior occurs with the 99th and 99.5th percentiles. Overall, WRF intensities 
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tends to be higher than RegCM4 intensities. Kawazoe and Gutowski (2013a) found in an early 
version of WRF that percentiles were even higher than observation-based percentiles.  




Figure 3 shows simultaneous occurrences of extreme events during a six-hour period. 
The Stage IV curve for each resolution decreases relatively quickly as the number of 
simultaneous grid points increases. In addition, all three curves tend to overlap each other. WRF 
12.5-km has the highest number of events and its curve decreases relatively slowly as the number 
of simultaneous gird points increases. The WRF 50-km curve aligns more closely with the Stage 
IV curve, but only up to 50 simultaneous grid points. The WRF 25-km curve lies between the 
other two WRF curves. The RegCM4 curves roughly overlap each other up to 200 simultaneous 
grid points. They also overlap substantially with the WRF 12.5-km curve. The simultaneity 
curves indicate that WRF 12.5-km and all three RegCM4 simulations have extreme events that 
cover a larger area than the Stage IV extreme events.   
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Figure 3: 6-hourly periods with simultaneous extreme events on at least the given number of grid points for all 
observations and simulations. 
 
Table 3 shows the percentage of widespread events occurring on consecutive two or 
three-time periods. There is a tendency for Stage IV events to show greater persistence as 
resolution becomes finer. RegCM4 shows a similar tendency, but with a higher percentage of 
persistence. WRF also tends to have higher percentages of persistence than the Stage IV data, but 
shows no clear cut trends with changing resolution.   
 
Table 3:  Consecutive six-hourly time intervals for two intervals or three or more for widespread extreme events.   
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Table 4 shows the monthly distribution of widespread extreme events for December, 
January, and February. Stage IV has highest percentages in December in December and 
February, with January percentages always less than half of the December and February 
percentages. Both models at 12.5-km show a roughly similar behavior, but the other resolutions 
the results are mixed. The occurrence of relative high percentages for December in Stage IV and 
most simulations may be due to December sea surface temperature in the Gulf of Mexico being 
warmer than average for January and February (Kawazoe and Gutowski 2013a). However, the 
sea surface temperatures cannot explain why the relatively high February percentages.  
Table 4: Percentage of widespread extreme events across the domain for December, January, and February, 
respectively. 
 
Inter-annual variability of widespread extreme precipitation events appears in Table 5. 
The majority of the widespread events in the Stage IV data occur in 2005-2009. Similar behavior 






Table 5: Inter-annual percentages of widespread extreme events across the Upper Mississippi River Valley for 2002-




Figure 4 shows the composites for extreme widespread precipitation across the 
Continental United States for DJF from 2002-2012. Stage IV at each resolution appears in the 
first row, with the coarser resolution to the right. RegCM4 results are in row two, and WRF 
results are in row three. A black box highlights the analysis region. Spatial differences between 
the resolutions for RegCM4 are noticeable; the 12.5-km simulations composite is much wider 
than the 50-km simulations composite. WRF tends to show more spatial scale similarities 
although the composite observations show higher intensities. The higher intensities are in the 
vicinity of Missouri. This results is close to that of Kawazoe and Gutowski (2013a) with the 
southern part of the domain having higher intensities of precipitation.  
 
Figure 4: Illustrates the composites of extreme widespread precipitation across CONUS. Stage IV at each resolution 
is depicted in the first row, with coarser resolution to the right. RegCM4 is row two and row 3 is WRF. Analysis 
region is highlighted as a black box. 
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3.2 Environmental Conditions 
a) 500 hPa Geopotential Heights 
Figure 5 shows troughs and ridges in 500-hPa geopotential heights across CONUS. In 
RegCM4 the trough in the west deepens at finer resolution, with a ridge to the east stronger at 
coarser resolution. WRF shows less sensitivity to resolution, especially in the western United 
States trough, with a trough pattern in closer agreement with the NARR-based composites.  
 
 
Figure 5: Composites of 500 hPa geopotential heights, with Stage IV on the top row, RegCM4 row two, and WRF 
row 3. Coarser resolutions as you move left to right.  
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Composites of 500 hPa height anomalies appear in Figure 6. The anomalies replicate the 
characteristics in Figure 5 with higher heights in the east and lower heights in the west. As with 
Figure 5, RegCM4 has much lower 500 hPa heights towards the west and higher heights toward 
the east. The WRF patterns are more similar to the NARR-based patterns. Figure 7 shows the 
representativeness of the 500 hPa height anomalies. The results confirm that the anomalies seen 
in Figure 6 are typical of the anomalies for individual events and not an artifact of averaging 
widely different anomaly patterns.  
 
 
Figure 6: Composites of 500-hPa geopotential height anomalies, with NARR on top, RegCM4 in the middle, and 
WRF on the bottom row.  
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Figure 7: Representativeness plot of 500-hPa geopotential height anomalies. NARR top row, RegCM4 2nd, &WRF 
3rd row.  
 
b) 10-m Horizontal Winds 
Figure 8 shows the composites of 10-m horizontal winds across the CONUS. Each of the 
simulations agrees with the NARR-based composites in showing a strong flow from the Gulf of 
Mexico into the Upper Mississippi River Valley. The NARR and simulation results all show a 
substantial anticyclonic circulation off the southeastern coast of the United States. This is 
consistent with the trough/ridge pattern seen in Figure 5. Over the central Great Plains, the 
NARR-based composites have winds from the north and northwest. Similar behavior happens 
with the WRF at 12.5-km and 25-km simulations. These winds are much weaker in the RegCM4 
simulations.   
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Figure 8: 10m horizontal wind composites for the CONUS. NARR composites are in the 1st row, RegCM4 in the 
2nd Row, in the WRF 3rd row. The 6 m/s reference vector appears in the upper right hand corner of each panel. 
 
 
c) 2-m temperature and 2-m specific humidity 
Figures 9 and 10 show the 2-m temperature and 2-m specific humidity anomalies. In Figure 9 
the NARR-based composites and simulation composites show positive anomalies where the 
composite precipitation is largest. Except for the WRF 25-km. the simulation composites are 
weaker in this area compared to the NARR-based anomalies. The WRF 25-km anomalies are 
stronger than the NARR-based anomalies and located toward the northeast of the maxima in the 
NARR-based anomalies.  
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Figure 9: Composites 2-m temperature anomalies across the CONUS. NARR-based composite are in the top row, 
RegCM4 composites are in the 2nd row, and WRF composites are in the bottom row.  
 
Figure 10 shows 2-m specific humidity anomalies across the CONUS. The largest 
positive anomalies are in the south central United States. Positive anomalies extend from the 
maximum anomaly into the analysis region. Anomaly maxima in all simulations are all smaller 
than those of the NARR-based composites.  The location of the temperature and specific 
humidity anomalies are aligned with the location of substantial inflow from the Gulf of Mexico. 
The behavior emerges is that this strong inflow is providing relatively warm air containing 
relatively large amounts of moisture that produces the extreme widespread precipitation found in 
the analysis domain. Moreover, the majority of areas of composite precipitation at or exceeding 6 
mm/6hrs tends to be in locations where 2-m air temperature was above freezing indicating the 
precipitation is occurring as rain not snow. 
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Figure 10: Composites 2-m specific humidity anomalies across the CONUS. NARR-based composite are in the top 




d) Gradients, convergence, vertical motion, and convective precipitation 
 Table 6 shows the 99th percentile of the distribution of vertical motion, 10-m wind 
convergence, and 2-m temperature and 2-m specific humidity gradients across the domain during 
widespread extreme precipitation events. The temperature changes over 100-km suggest that 
frontal behavior is associated with the extreme precipitation events, a feature confirmed by 
examining individual events (not shown). The specific humidity gradients seem to be consistent 
with this behavior. Horizontal wind convergence is strongest in WRF at all resolutions, and 
weakest in RegCM4 at all resolutions. Consistent with this behavior WRF has much stronger 
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vertical motions at all resolutions compared to RegCM4. RegCM4 vertical motions are always 
weaker than the NARR. For both models the strength of the vertical motion increases as 
resolution becomes finer. 
Table 6: Gradients of 2-m temperature and specific humidity, 10-m horizontal wind convergence, and 700 hPa 
vertical motion in our analysis region for the 99th percentile among all extreme widespread precipitation events. 
Gradients and convergences are all for 100-km.   
 
 
Table 7 shows the percentage of precipitation produced by the convection 
parameterization in each of the simulations for widespread extreme events. The convection 
percentage in WRF is larger than in RegCM4. As resolution becomes finer, the convective 
fraction increases for each model, with a substantial increase in WRF going from 25-km to 12.5-
km. The behavior aligns with the increased vertical motion in the models at finer resolutions.  
For the Kain-Fritsch scheme, in particular, the increase appears to be tied to the increase in 
strong vertical motions during widespread extreme events as resolution becomes finer. 




CHAPTER 4.    CONCLUSION 
Two different models simulated regional climate at 12.5-km, 25-km, and 50-km grid 
spacings, with output compared to Stage IV precipitation re-gridded to each resolution. The goal 
was to assess the ability of the models to simulate extreme 6-houlry extreme winter (DJF) 
precipitation in the Upper Mississippi River Valley and assess sensitivity to resolution. We used 
NARR observations to evaluate model ability to produce environmental fields yielding extreme 
precipitation. The analysis covered a period of December 2002 through February 2012. The 
focus was on so-called widespread events that had extreme precipitation on 16 or more 50-km 
grid points simultaneously.  
 Only the WRF 12.5-km simulation replicated fairly well the Stage IV frequency vs 
intensity distribution for extreme precipitation. As resolution coarsened in the WRF simulations, 
there was less agreement. For RegCM4 there was little change with resolution in the frequency 
vs. intensity distribution of extreme precipitation. Composites of extreme widespread 
precipitation events for the WRF simulation tended to show somewhat better agreement with 
Stage IV composites in the spatial distribution of precipitation, whereas for RegCM4 especially 
at 12.5-km spatial destitution was wider.  
 The analysis examined fields of 500 hPa geopotential height, 2-m temperature, 2-m 
specific humidity, and 10-m horizontal winds. Composites of geopotential heights for 
widespread extreme events showed similar behavior with a trough to the west and a ridge to the 
east of our analysis domain. Neither model showed substantially sensitivity to model resolution 
in the 500 hPa geopotential heights composited over widespread extreme events. RegCM4 
tended to have a deeper trough than the observation based composites, whereas WRF showed 
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better agreement. Consistent with the geopotential height distribution 10-m winds had substantial 
flow of air from the Gulf of Mexico toward the southern part of the analysis domain where the 
most extreme precipitation tended to occur. This behavior occurred in both the observation based 
composites and the simulation composites. Associated with this low-level flow where warm and 
moist composite anomalies at two meters in the observation based results and the simulations. 
The simulated temperature composite anomalies tended to be weaker than the observation based 
composite anomalies except for the WRF 25-km simulation. RegCM4 showed little sensitivity to 
resolution in the warm composite anomalies. The specific humidity composite anomalies tended 
to be weaker than the observation based composite anomalies. The 99th percentile of 10-m wind 
convergence over the analysis domain and over all widespread extreme events was stronger than 
observation based results for the WRF simulations and weaker in the RegCM4 simulations. The 
99th percentile of vertical motion at 700 hPa over the analysis domain and over all widespread 
extreme events was substantially weaker in the RegCM4 simulations than the observation based 
results. WRF values where sometimes weaker and sometimes larger than the observation based 
results. For both models the vertical motion became stronger as resolution became finer. The 
stronger vertical motion and convergence in the WRF simulations, especially at 12.5-km grid 
spacing, is consistent with the stronger extreme precipitation in the WRF simulations.  
The reason for the discrepancy for the vertical motion may be tied to WRF being a non-
hydrostatic model. Table 7 shows the differences in amount of convection between each of the 
models and between resolutions. Convection’s role increases substantially with increasing 
resolution in WRF. Future work should examine more thoroughly the relationship between 
vertical wind acceleration in the vertical-momentum equation and the triggering of convection, 
perhaps through sensitivity experiments. Future work should also examine how other model 
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parameterizations, especially the cloud microphysics, may influence results. This could include 
sensitivity experiments that change parametrizations or parameters within the parametrizations 
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